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I. INTRODUCTION

F
REQUENCY domain electromagnetic scattering problems on open regions have received great attention in the past years [1] - [3] . Problems of this kind can be solved by many techniques like the moment method (MM), the boundary element method (BEM), the finite element method (FEM) with local absorbing boundary conditions (ABC's), the multi-filament current method (MFCM) [4] , or hybrid techniques like FEM-BEM. All these techniques work quite well.
Integral equation methods (BEM and MM) present some advantages as simple numerical implementation and minimum discretization, since the radiation condition is naturally incorporated by means of the free space Green's function. On the other hand, difficult formulations for complex media and the generation of fully populated matrices that are computationally expensive in terms of time and computer memory, are the main disadvantages.
The advantages of the use of FEM-ABC's are simple formulation, even for complex media, and easy numerical implementation [2] , [3] . However, the accuracy and the CPU time to solve the system of equations are dependent on the outer boundary location where the ABC's are imposed. Also, ABC's are approximate and do not model the exterior field exactly. Publisher Item Identifier S 0018-9464(00)05356-5. Ramashi and Mittra pointed out that the ABC's introduce errors in the solution because of the presence of reflecting waves from the outer boundary which are not totally absorbed. Also, for arbitrary outer boundaries, specialized ABC's must be used [1] .
The main advantages of MFCM are accuracy, reduced CPU time and very simple implementation. The limitation to treat only homogeneous media is the main disadvantage. In addition, the accuracy depends on the filament current position [5] .
Hybrid techniques like FEM-BEM have the advantages that they are exact and allow in principle to locate the outer boundary close to the modeled device. In counterpart, due to the features of the BEM, the generated sub-matrix is full and nonsymmetric. This paper investigates 2D scattering problems of arbitrary outer boundary. The second order Bayliss-Turkel (BT) absorbing boundary condition is used in the FEM (for first and second order triangular elements). The problem of positioning the electric current filaments in the MFCM is also discussed.
II. MATHEMATICAL FORMULATION
A. Finite Element Formulation via Galerkin Method
The finite element formulation is well known and for convenience its derivation will be omitted here [4] . weighted residual integral for scalar wave equations with absorbing boundary conditions (homogeneous media) is (1) where , , , and for TM plane wave; and , , and for TE plane wave.
B. Absorbing Boundary Condition Formulation
The objective of ABC's is to truncate the outer region as close as possible to the scatterer with boundary conditions that minimize the spurious reflections inside the FE domain. The second order Bayliss-Turkel absorbing boundary condition for two-dimensional problems, as given in [4] , in terms of the total field is: (2) where and are respectively the total and incident fields. The parameters and are:
Equation (2) can be introduced in (1) replacing the term . This procedure is not so difficult when the artificial boundary is circular. In such case is equal to . The use of noncircular artificial boundaries is necessary for an efficient solution. This is possible if some corrections are performed in (2)-(4). In reality, the following transformation can be made:
replaced by replaced by replaced by (5) where is the curvature of the boundary at . In the next sections, the Bayliss-Turkel condition will be referred simply as BT-C for circular and as BT-NC for noncircular geometry. 
C. Multi-Filament Current Method
This technique consists of substituting the problem by an equivalent one. To understand this procedure consider the problem of an infinite dielectric cylinder of arbitrary cross-section illuminated by an incident field , see Fig. 1 .
The electric and magnetic scattered fields in the free space, region , are equivalently simulated by the fields of a set of fictitious electric current filaments placed on a closed surface on the interior of the boundary and those inside the dielectric medium, region , are simulated by the fields of a set of fictitious electric current filaments placed on a closed surface enclosing .
The system of equation is obtained enforcing the continuity, on the boundary , of the tangential components of the total fields, on a set of matching points , of the dielectric boundary: (6) The expressions for the electromagnetic fields due to the set of current filaments in (5) can be found in [5] .
III. RESULTS
A. Description of the Problems
To analyze the FEM-ABC and MFCM methods we consider two dielectric cylinders with: (i) circular cross section with diameter equal to 0.6 and (ii) square cross section with side . The first problem is very simple and has a known analytical solution [6] . In both cases, the cylinder is illuminated by an impressed transverse plane wave of unit magnitude,
where and are unit vectors and is the intrinsic impedance of the free space, see Fig. 2 .
All results were calculated along the dotted line C, which is 0.03 distant from the dielectric boundary, see Fig. 2(a)-(c) .
B. Positioning the Filaments of Current
A serious problem encountered when using the MFCM technique is to find the best position to the infinity filament set of currents. The results are dependent of this placement. Usually, the current filaments are placed on a straight line joining the interior and the exterior filaments passing on the correspondent matching point on the dielectric boundary. For the circular cross section cylinder, the interior and exterior filaments were positioned at and , respectively; where is the th matching point. In this case, the positioning of the current filaments is straightforward. On the other hand, for the square cross section cylinder, the results are dependent on the positioning of the current filaments. Two procedures were tested following the definition of an angle which is given by the straight line across the dielectric boundary, joining interior and the corresponding exterior filament, see Fig. 2 
(d). In case (i) = 90 and in case (ii)
. The question to answer here is if there is an advantage of using case (i) instead of case (ii). The filament position is dependent of the nodes coordinates of the dielectric boundary, the relative permittivity and the assignment factors (interior filament) and (exterior filament). The main advantage of case (ii), in contrast to case (i), is that in this case it is less complicated to automatically place the filaments of current. Using (i), we obtain more accurate results for a small number of filaments; in counterpart, it is more difficult to automatically place them.
C. Circular Cross Section: MFCM
The behavior of the electric field for a different number of filaments is shown in Fig. 3 .
D. Circular Cross Section: FEM-ABC
To check the influence of the boundary condition BT-C and BT-NC, the type of element and the mesh quality, simulations were made using uniform FE meshes (maximum element area = 0.002, 0.001, 0.0008 and 0.0004 . The artificial geometry was placed at 0.1 . Table I and Fig. 4 show the results obtained.
The error for different meshes is given in Fig. 4 . It can be seen that there is a great influence of the mesh for 1st order elements and that the BT-NC introduces small errors. The comparison with the analytical solution for three different simulations, MFCM with 40 filaments, 1st and 2nd order FEM-ABC with the artificial boundary at 0.9 and = 0.002, is given in Fig. 5(a) and (b) . It can be noted that there is a good agreement amongst the solutions. However, the BT-NC results show the highest errors, particularly for 1st order elements. There is a superposition of the curves for the FEM-ABC (2nd order elements), the MFCM and the analytical solution, see Fig. 5(a) .
E. Square Cross Section: MFCM
A reduced number of current filaments was chosen to maximize the error and also to facilitate the analysis of the results.
The results for for 8 filaments are shown in Fig. 6(a) . It can be seen that the best solution correspond to . For the results are worse than those given in Fig. 6(a) . The results for a different number of filaments, which were positioned according to case (i) and case (ii), are shown in Fig. 6(b) and (c). There is a superposition of the curves for a number of filaments above 32
. For 8 filaments, the error is considerable in both case (i) and case (ii). However, in the latter the error is worse. The results for 64 filaments are given in Fig. 7 .
F. Square Cross Section: FEM-ABC
The influence of the artificial boundary was investigated using artificial boundaries placed at 0.1 , 0.5 and 0.9 far from the dielectric cylinder. A uniform mesh (maximum elements area equal to A) was used in the simulations, see Table II .
The results for the FEM-ABC (2nd order elements) are shown in Fig. 8(a) . For 0.1 the results obtained are incorrect (even when elements five times smaller were used). The curves from Fig. 8(b) show that the mesh is sufficiently fine in both cases. Fig. 9 shows the results for 1st and 2nd order FEM-ABC with the artificial boundary placed at 0.9 and the MFCM with 64 filaments for = 2 and = 10 positioned according to case (i). These results show good agreement, however the 2nd order element results are closer to the MFCM.
IV. CONCLUSIONS
The main conclusions of this work are: (a) both procedures studied for positioning the current filaments can be used. In case (i) the results are more accurate and in case (ii) it is easier to automatically place the filaments; (b) the results obtained using 1st and 2nd order FEM-ABC and the MFCM show good agreement (the latter with higher accuracy).
